M2 protein, a crucial glycoprotein present on the viral envelope of Influenza A virus plays an important role in the replication and budding of influenza A virus in the host organism. Due to its primal role in the life cycle of influenza A virus, it is targeted by many potent drugs like amantadine and rimantadine. The emergence of M2 protein mutants in the recent years has rendered these drugs ineffective. Keeping this in our minds, an investigation was performed to determine potent inhibitors of M2 protein using computational strategies like e-pharmacophore based virtual screening and molecular docking. A three dimensional pharmacophore model was generated based on the chemical features using PHASE module of Schrödinger Suite. Subsequently, molecules with same pharmacophoric features were screened from a total of 8621 molecules available in the DrugBank database using the generated pharmacophore hypothesis. This was followed by molecular docking of the screened molecules using three methodologies namely HTVS, SP and XP. Ligand filtration was also done to obtain an efficient collection of hit molecules by analysing pharmacokinetic properties by using Qikprop module. Consequently, our study ascertained nine molecules namely, DB00374, DB00770, DB05015, DB08868, DB00631, DB00983, DB01262, DB00837 and DB01048 which were found to possess anti-viral properties. It is also worth mentioning that antiviral activity of these compounds has been previously reported in recent literature.
INTRODUCTION
Influenza A is a genus of the Orthomyxoviridae family of viruses which is characterized by segmented, negative-strand RNA genomes with 11 genes. It has a roughly spherical shape and an external structure with approximately 500 spike-like projections. 1 These studded glycoproteins -Haemagglutinin (HA) and Neuraminidase (NA)-are present in a ratio of approximately four to one. 2 The trimer, HA is not only crucial for the formation of replication-competent influenza viruses but also binds to sialic acid residues on cell surfaces facilitating virus entry and cell infection.
3 NA on the other hand has major enzymatic activity in cleaving sialic acid residues and causing the release of changes in the HA which renders it inactive. M2 protein plays a major role in neutralizing this acidic pH. 7 All these activity in the influenza viruses causes the infection in the host organism. Subsequently, influenza viruses cause a contagious respiratory illness that is accompanied by fever, headaches, fatigue, cough and generalized weakness. 8 Sometimes its complications increase when it includes secondary bacterial pneumonia, post-influenza encephalitis, changes in cardiac electrocardiogram and secondary bacterial infections. 9 These viruses not only affects humans but also other species like birds, horses and pigs. 9, 10 Emergence of distinct variants of Influenza A virus carrying different combinations of NA and HA glycoproteins have led to three major pandemics of influenza in the 20th century. 11 The Spanish flu of 1918, the Asian flu of 1957 and the Hong Kong flu in 1968 were all caused by variants of Influenza A carrying the H1N1, H2N2 and H3N2 combinations. 12 It has been estimated that this virus causes approximately half a million deaths worldwide every year. 9, 10 The severity of each successive pandemic increases due to two reasons. Firstly, Influenza A virus is susceptible to consistent and unpredictable antigenic variations. 8 This was seen in all the three outbreaks of 1918, 1957 and 1968 , in which each of them was caused by different antigenic subtypes of influenza. 12 This kind of antigenic instability renders the treatment and prevention of influenza infection relatively or totally ineffective even in case of vaccinated ones. 8, 13 Secondly, the high incidence of mutations in influenza A virus as a result of antigenic drift and shift led to change in the influenza viruses every 20-30 years which ended up in new, more toxic and drug resistance virus. 9 Moreover, these shifts also made the job of developing anti-influenza virus drugs very difficult due to rapid mutations in the virus.
14 At the current time, only 2 classes of influenza antiviral agents-M2 ion channel inhibitors and NA inhibitors are being used.
14 It has been reported in recent literatures that the resistance to the antiviral drugs, amantadine and rimantadine, against M2 proton channels has reached more than 90% in humans, birds and pigs.
14 Moreover, rimantadine which has been shown effective in treatment and prevention of influenza has adverse effects involving the gastrointestinal and central nervous systems. 15 These adverse events at the recommended dose in controlled clinical trials include insomnia, dizziness, headache, nervousness, fatigue, nausea, vomiting, anorexia, dry mouth and abdominal pain. 16 All these factors point strongly towards the emerging need for development of novel drugs against influenza A virus which are not susceptible to the mutations in the target protein. 13 In such case the dire need of finding novel drugs for the treatment of influenza virus infection comes to surface. The discovery and development of a new drug is a costly and tedious process involving many trials and errors, hence computer aided molecular design method have been identified as the most promising candidate to concentrate on experimental methods of drug discovery. 17 The most commonly used computational strategies in number of drug discovery projects are docking and molecular simulation approaches. Docking programs are employed to evaluate the binding affinity of ligands with the crystal structure of proteins available in physical or virtual database. 18, 19 On the other hand, molecular dynamics simulation is performed to understand the complete and accurate protein-ligand binding mechanism by providing a realistic degree of flexibility in the system under study. [19] [20] [21] [22] In the recent era of drug designing, pharmacophore modelling method is broadly used to generate a 3D pharmacophore model which represents the binding mode of ligands with a specific target in study and is represented as 3D arrangement of various chemical features present in the ligands. 23 In contrast, the e-Pharmacophore method generates energetically optimized, structure-based pharmacophore that can be used to rapidly screen millions of compounds while utilizing the Glide XP scoring function. This scoring function aids to accurately characterize protein-ligand interactions, resulting in improved database screening enrichments. 24 Subsequently, a virtual screening process is used in accordance with the molecular docking which has acquired the position of a dynamic and cost-effective technology in finding out novel drug like compounds or so called "hits' in the pharmaceutical industry. 25 Moreover, the technological advances in this screening process allows chemists to promptly screen large databases for effective therapeutics. Of note our study also aims at determining effective drug candidate against M2 proton channel by repositioning of existing drugs using a virtual screening protocol. This would potentially reduce the expense and time associated with early-stage testing of hit compounds.
MATERIALS AND METHODS

Dataset Preparation
A dataset comprising of six potent drugs against influenza A virus infection were taken. All these six drugs, namely rimantadine, amantadine, oseltamivir, zanamivir, peramivir and laninamivir are set of FDA approved drugs which were retrieved from Pubchem database. The drugs, rimantadine and amantadine are the well known inhibitors of M2 proton channel while the other four are anti-viral drugs against the NA protein of influenza A virus. On the contrary the M2 protein with the resolution of 3.5 Å was retrieved from PDB. The PDB ID of the protein used is 3C9J. Lastly, the molecules used for virtual screening process were taken from DrugBank database. A systematic representation of the activities performed is illustrated in Figure 1 .
Ligand Preparation
The drugs retrieved from Pubchem database were prepared using the LigPrep software of Schrödinger Suite. The process of ligand preparation involves 2D to 3D structure conversion, ascertaining ligand's ionisable state at pH 7 and stereoisomers generation, which results in the energy minimization of ligands. 26 Eventually, all the six ligands were prepared under the force field of OPLS-2005. The options of desalt and generate tautomers were deselected in order to keep the ligands in its original state.
Protein Preparation
The 3D structure of M2 protein with PDB ID 3C9J was treated by protein preparation wizard of Schrödinger Suite. This process rectifies any structural faults which may be antecedent in the molecules. Consequently, the protein structure cognitive contents were analyzed. The protein was preprocessed and the water molecules were eliminated up to a distance of 5.0 Å. In addition, heteroatoms which do not have any influence on the protein structure, function or conformation were removed from the protein. The structure was then optimized and minimized using OPLS-2005 force field. Lastly, geometry of the protein was refined with restrained minimization, in which missing residues and loops were evaluated. This process was carried out in such a way that the junction of atom had a default value of RMSD of 0.3 Å.
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Molecular Docking and E-Pharmacophore Model Generation
The prepared ligands were XP (Extra Precision) docked with the prepared M2 protein using GLIDE module of the Schrödinger Suite. XP docking is an incisive method which has the ability to bring out physical insight into the binding affinity of a ligand for the binding site of the protein. 28 In addition the XP descriptor generated provides atomic level information such as hydrophobic, hydrogen bond, electrostatic, pi-pi stacking and pi cation interaction. 29 A grid for docking was generated using the GLIDE grid generation option available in the Schrödinger Suite. The broadly used antiviral, rimantadine, against M2 protein is used as the reference ligand to generate grid. Consequently, a rectangular box was generated which was centred on the binding site of M2 protein. Ultimately, the prepared ligands were docked against the grid obtained for M2 protein structure. Furthermore, these docked complexes were employed to develop an e-pharmacophore model. The technique of e-pharmacophore modelling includes usage of structure and energy based scoring function in GLIDE. 28 The models were generated with six inbuilt chemical features in PHASE 3.0 module of Schrondinger Suite. These features consists of hydrogen bond acceptor (A), positive ionisable group (P), hydrophobic group (H), negative ionisable group (N), hydrogen bond donor (D) and aromatic ring (R). Eventually, a best pharmacophore hypothesis was selected which was then used to screen the database.
Virtual Screening
The DrugBank database was screened against the pharmacophore model with an aim to identify structurally diverse compounds as "hits" that are suitable for further optimization towards the development of a novel drug. The method of molecular docking was used to generate a score putative protein-ligand complexes based on their determined binding affinities. This technique has been effectively used in devising potential ligands with good binding efficiency for the residues of active site.
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In the present analysis, the e-pharmacophore based virtual screening deferred a set of molecules with similar pharmacophoric features as present in the model. Additionally, the molecular docking was performed using GLIDE module to narrow down the hit molecules with higher binding efficiency towards the M2 protein. The grid generated for the M2 protein is used again for the docking process. Consequently, the ligands were docked against the generated grid in a gradual process, using GLIDE high throughput virtual screening (HTVS), standard precision (SP) and extra precision (XP) mode. The best molecules with good glide scores were further analysed.
RESULTS
Energy -based pharmacophore model
Pharmacophore modelling is a technique which substantially identifies novel moieties with biological activity. 30 The strategy of e-pharmacophore combines the structure and energy based values in scoring function using GLIDE module. The PHASE module Schrödinger Suite is used for generating the model. 31 Consequently, the docked complexes of M2 protein and the ligands were employed to create a pharmacophore model which is energetically efficient. The six intrinsic pharmacophoric features existing in the PHASE module are taken into account while generating the model. A two featured pharmacophore hypothesis (DD) (Figure 2 ) consisting of two hydrogen bond donor group was generated. This hypothesis was observed to possess higher statistical values which comprises of higher correlation and lower RMSD. It was also observed that the energy score of both the features namely D13 and D19 was less than 1.0 kcal/mol with a value of -1.04 kcal/mol and -2.03 kcal/mol respectively. The pharmacophore model was further employed for screening DrugBank database for lead molecules.
E-Pharmacophore Based Virtual Screening
The screening process was performed against the DrugBank database with the help of DD hypothesis as search query. The DrugBank database is a comprehensive, freely accessible, online database containing information on wide range of drugs and drug targets. 32 Firstly, PHASE database was created using Lipinski's filter which estimates passive oral absorption based on log P, H-bond donors, H-bond acceptors and molecular weight. A set of 3000 molecules were yielded from a total of 8621 molecules. Eventually, these compounds were docked against the generated energy optimized pharmacophore model which served as a search platform for determining ligands with same pharmacophoric features. The molecules with a fitness score more than 1.4 were further screened using docking based screening process to determine potent NA inhibitor.
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Docking based Virtual Screening
The GLIDE module of Schrödinger Suite was employed to screen the molecules based on docking approach. HTVS and SP docking use the same scoring function, but HTVS reduces the number of intermediate conformations throughout the docking funnel, and also reduces the thoroughness of the final torsional refinement and sampling. The docking algorithm itself is essentially the same. XP does more extensive sampling than SP. It also employs a more sophisticated scoring function with greater requirements for ligand-receptor shape complementarity. These removes out the false positives from the hit molecules obtained. The PHASE search resulted in 2227 molecules as matches for the queried hypothesis. In a view of ranking the screened ligands a systematic procedure consisting of three steps of increasing complexity was performed. High throughput virtual screening reduced the molecules down from 2227 molecules to 1229 which was then followed by SP and XP virtual screening leading to the final number of 581 "hit" molecules. It is noteworthy to mention that 29 out of 581 molecules were found to be approved drugs. Hence these molecules were carried further for ADME analysis.
ADME properties
Along with the Lipinski rule of five, we utilized another crucial method of screening namely the ADME properties. This is performed to avoid failure of candidate molecules due to poor pharmacophore profile in the later stages of development. In the present study QikProp module was used for ADME properties analysis. 34 The 29 molecules were analyzed for #stars and CNS values. The descriptor #stars indicates the number of properties that fall outside the recommended range. Therefore, a lower number of #stars denotes the better drug-like molecule. On the other hand, the CNS descriptor value predicts the central nervous system activity of each compound. For instance, the CNS value lies between -2 (inactive) and +2 (active). Rimantadine has in some cases shown adverse effects on the central nervous system of the patients like insomnia, dizziness, headache, nervousness, fatigue and nausea. 16 Hence in our study CNS activity was taken as -2 which signify it inactivity on the CNS. Interestingly, 9 hits namely, DB00374, DB00770, DB05015, DB08868, DB00631, DB00983, DB01262, DB00837 and DB01048, out of 29 molecules were found to possess 0 as #stars value and CNS value of -2. The glide scores and values of descriptors for the 9 screened molecules are shown in Table 1 and Table 2 respectively.
DISCUSSION
In this study, we have made an attempt at finding novel drugs that would inhibit the action of M2 proton channel by using already existing potent anti-viral drugs. Computational approaches such as virtual screening and molecular docking process have been used, which efficiently aids in instantaneous discovery of possible lead compound for protein inhibition. An amalgamation of method of e-pharmacophore based virtual screening and molecular docking approach was employed to identify potent M2 inhibitor. A total of 8621 compounds from the DrugBank database were screened by applying Lipinski's filter. The common e-pharmacophore DD was generated using complexes of known antiviral drugs and the M2 protein. Subsequently, common pharmacophore based screening was successfully applied to screen the compounds. The screening led to the curtailing of vast number of molecules to 2227 molecules. These 2227 molecules not only fit the hypothesis but also ratified other important criteria like the lipinski's rule of five and ADME properties. Further, the identified hits were screened based on HTVS, SP and XP docking approaches which yielded 29 hit compounds. In addition it was observed that 9 "hits" out of 29 lead compounds found in our investigation have certain characteristic that calls for special attention here. Firstly, all of them are approved drugs and is inactive on the central nervous system with -2 as CNS value. Moreover, the number of properties or descriptor values that fall outside the 95% range of similar values for known drugs that is the star activity is 0. All of them were also found to interact with the amino acid residues present in the active side of the M2 channel. The interaction pattern of these 9 molecules is given in Table 3 . It is clear from the table that these molecules were interacting with the amino acid residues namely Asp44, His37 and Leu43 which are known for their important role in the activation of M2 proton channel and the proliferation of the virus. 35 The interaction profile of the hit molecules with M2 protein is shown in Figure 3 . In addition, superimposed images of lead molecules with the pharmacophore model and binding site of M2 protein are shown in Figure 4 and Figure 5 respectively. In our study two out of 9 hit molecules namely, Abacavir (DB01048) and Treprostinil (DB00374) were found to have cyclopentane in their structure which contributes to the molecule's anti-viral properties. Cyclopentane (C 5 H 10 ) is an alicyclic hydrocarbon consists of a ring of five carbon atoms each bonded with two hydrogen atoms above and below the plane is found out to have some significant antiviral properties. Moreover, it was also found that cyclopentane not only has anti-viral properties but instead was found specific against influenza virus too, which strengthens our research authenticity.
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In an experiment conducted at Institute for Antiviral Research, Utah State University, Logan, Utah, a novel series of cyclopentane derivatives was found to exhibit potent and selective inhibitory effects on three different strains of influenza A virus-(H1N1, H3N2, and H5N1) by inhibiting viral cytopathic effect and NA glycoprotein activity. They were even found to have slightly more potency than zanamivir and oseltamivir carboxylate. 36 Three out of nine of the "hit" molecules found in our investigation were purine or pyrimidine analogs namely-Abacavir (DB01048), Clofarabine (DB00631), and Decitabine (DB01262). Fascinatingly, majority of the anti-viral drugs permitted worldwide for clinical use are analogs of either purine or pyrimidine such as idoxuridine, ganciclovir, zalcitabine, didananosine and others. 37, 38, 39, 40, 41, 42 Many purine nucleoside and their derivatives have shown to have prominent anti-viral activity against some of the most deadly viruses found like human immune-deficiency virus (HIV), herpes simplex virus (HSV), vaccinia virus, respiratory syncytial virus, hepatitis B virus (HBV), human cytomegalovirus (HCMV) and varicella zoster virus (VZV). [43] [44] [45] [46] [47] [48] Abacavir (DB01048), a guanosine analogue is known for its activity against retrovirus (HIV, Moloney sarcoma virus) and herpes simplex virus (HSV) activity in cell culture. 38 In a study conducted in University of Alabama at Birmingham, USA, the structural similarities between M1 matrix protein of Influenza A virus (having RNA nucleocapsid-binding activities) and HIV matrix and capsid proteins was ascertained, establishing an evolutionary link between retroviruses and negative strand Table 2 : Absorption, distribution, metabolism, and excretion (ADME) properties of screened hit molecules. RNA viruses. 39 An intriguing feature of Abacavir is also that it has cyclopentane in its structure making it a cyclopentyl nucleoside. All these evidence suggests that Abacavir could have potential activity against influenza virus too. Clofarabine (DB00631), another purine nucleoside, has a substitute of chlorine in its purine structure and fluorine in its ribose. Like Abacavir, it too has been observed to have potent anti-HIV 2 activity. 40, 41 Pyrimidine nucleosides also have shown prominent anti-viral activity against diseases caused by viruses like HIV, herpes simplex virus type 1 (HSV-1) and type 2(HSV-2), varicella-zoster virus (VZV), cytomegalovirus (CMV) and adenovirus (types 2, 3 and 4). 49, 50 Decitabine (DB01262), an analogue of cytidine with an extra hydroxyl and nitrogen group is one such example of a pyrimidine nucleoside found in our study. This molecule has shown inhibition action against HIV along with other drugs like Resveratrol and Gemcitabine and therefore is being used to pioneer novel HIV -drug combination therapies. 51,52.53 Cytidine itself has antiviral properties against Hepatitis B and HIV virus. 54, 55 Another "hit" molecule that needs to be mentioned is Formoterol (DB00983). In a study conducted in Utrecht University, Netherlands this drug was effective against all enterovirus and rhinoviruses tested. 56 It is a known fact that enteroviruses are positive-sense singlestranded RNA viruses like the retroviruses. As previously mentioned the evolutionary link between positive and negative strand RNA viruses suggests the use of these "hit" molecules for inhibition of influenza virus. Alprostadil (DB00770) and Treprostinil (DB003740) are two of our hit molecules that are prostaglandins and its analogues. A significant disclosure made during our investigation was that prostaglandins possesed anti-viral activity against many DNA and RNA viruses according to the many studies conducted. 57 Prostaglandins are lipid autacoids which sustain homeostatic functions and mediate pathogenic mechanisms, including the inflammatory response. 58 In our study ∆
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-Prostaglandin J2 exceptionally stands out notably for two reasons. Firstly that it has known to show therapeutic effectiveness against influenza A virus (H1N1) both in vitro and in vivo as it has an interesting ability to interfere with virus replication at multiple levels and secondly that it is a natural cyclopentenone metabolite of prostaglandin D 2 .
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In another study conducted on vero cells the inhibitory effect of cyclopentenone prostaglandin A1 (PGA1) was seen on Mayaro virus replication. 57 The relevance of cyclopentane in our study as an anti-influenza drug has already been established. There are other varieties of prostaglandins especially of the A series that have also shown anti -viral activities against deadly viruses like 
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All of these evidences indicate prostaglandins to be a deserving anti-influenza drug candidate in our study. The basis of the above argument is that alprostadil is a prostaglandin itself-PGE1 whereas Treprostinil is a synthetic analogue of prostacyclin -PGI2.
In course of our analysis of the various "hit" molecules, certain constituent structures and its analogues stood out distinctly for its anti-viral activity. One such structure was of Phenoxy acetic acid, a constituent of Treprostinil (DB00374). A riveting discovery was made in a study conducted at Shandong Academy of Agricultural Sciences, China, while searching for natural products having anti-influenza virus, they found out that compounds having structural fragment of phenoxy acetic acid had improved activity against NA glycoprotein of Influenza A virus. 64 In another two studies conducted individually it was observed that pyrazoline derivatives derived from phenoxy acetic acid had higher anti-viral activity against a broad panel of viruses in different cell cultures. 65, 66, 67 Another such constituent structure having anti-viral activity was diphenylmethane of Progabide (DB00837). Intriguingly, diphenylmethane and its derivatives are active against a host of viral infections like Bovine-viral diarrhoea virus, A-PR8 virus, poliomyelitis virus, adenovirus, vaccinia virus and MHV3 virus. 56, 68 Overall, the results from our analysis along with available experimental evidences comprehend that these 9 lead molecules could be used as promising candidate for M2 protein inhibition. 
CONCLUSION
The current study has been carried out with an aim to find potent M2 proton channel inhibitor using computational techniques such as e-pharmacophore modelling and molecular docking approach. The common pharmacophore hypothesis (DD) was generated using complexes of known antiviral drugs and the M2 protein which consisted of two pharmacophoric features; two hydrogen bond donors (D). This was followed by e-pharmacophore based and docking based virtual screening. These two processes were successfully applied to screen compounds from a total of 8621 molecules of DrugBank database. This led to the curbing of molecules to 29 molecules which was further screened using ADME analysis. Subsequently, the ADME analysis yielded a total of 9 hit molecules whose pharmacokinetic properties lay in the acceptable range. Additionally, their binding patterns with M2 protein were also studied. It is also noteworthy to mention that different scaffolds of these 9 lead molecules have been reported for its prominent antiviral properties in recent literatures. Hence, these hit compounds could be used as potential drugs for the inhibition of M2 proton channel. Thus, this study has explicitly demonstrated the importance of e-pharmacophore modelling in drug discovery. We believe that the results from our analysis are of immense importance to researchers seeking to develop a novel M2 proton inhibitor and the molecules could act as prototype candidates for further research on influenza treatment.
